Vikingsson, LKA.; Claessens, B.; Gómez Tejedor, JA.; Gallego Ferrer, G.; Gómez Ribelles, JL. (2015). Relationship between micro-porosity, water permeability and mechanical behavior in scaffolds for cartilage engineering. that the stress response of the scaffold/hydrogel construct is a synergic effect from the performance of each of the components. This is interesting since it predicts that the in vivo outcome of the scaffold is not only depending on the material architecture but also the growing tissue inside the scaffolds pores. On the other hand, the confined compression results show that the compliance of the scaffold is mainly controlled by the micro porosity of the scaffold and less by the hydrogel density in the scaffold pores. These conclusions bring together valuable information for customizing the optimal scaffold and to predict the in vivo mechanical behavior.
cartilage regeneration. Interconnected macro pores should host the cells and new formed tissue while pore walls are microporous. This work explores the influence of pore walls microporosity on scaffold compliance and water permeability. In order to make mechanical testing representative of the outcome of the scaffold during tissue regeneration a Poly(vinyl alcohol) hydrogel with tailored mechanical modulus has been used to simulate the growing cartilage tissue inside the scaffold pores. Unconfined and confined compression tests were performed to characterize both water permeability and mechanical response of the scaffolds with varying microporosity while size and volume fraction of macropores remains constant. The stress relaxation tests show that the stress response of the scaffold/hydrogel construct is a synergic effect from the performance of each of the components. This is interesting since it predicts that the in vivo outcome of the scaffold is not only depending on the material architecture but also the growing tissue inside the scaffolds pores. On the other hand, the confined compression results show that the compliance of the scaffold is mainly controlled by the micro porosity of the scaffold and less by the hydrogel density in the scaffold pores. These conclusions bring together valuable information for customizing the optimal scaffold and to predict the in vivo mechanical behavior.
Introduction
Osteoarthritis (OA) is one of the most common diseases in developed countries 1 . Only in the US over 27 million people is affected and seek treatment for the loss of cartilaginous tissue 2 and the total cost is estimated to US $128 billion 3 . In Spain OA affects 10 % of the population 4 and the average annual cost for OA per patient was estimated to €1502 5 .
Articular cartilage does not spontaneously regenerate and the clinical solutions offered today, such as microfracture, abrasion chondroplasty, drilling or mature chondrocyte implantation, mostly generate a fibrocartilage tissue with limited mechanical properties 6 7 8 9 . The articular, or hyaline cartilage, is a specialized connective tissue with relatively few cells, chondrocytes, and an extra cellular matrix (ECM) with abundant collagen type II fibers and proteoglycan aggregates. The high content in glycosaminoglycans (GAGs) and collagen makes the tissue a hydrogel with high water sorption capacity 10 11 . The biphasic theory is often applied to cartilage and describes a system consisting of a solid phase, 20% of the total tissue weight, and an interstitial fluid phase. Water flows through the porous solid matrix and the mechanical properties and permeability of the tissue depends highly on the concentration of ECM component 12 13 .
Tissue engineering techniques aim to repair and restore damaged tissues with help of natural or synthetic biomaterials. Scaffolds are polymeric, porous and biodegradable 3D constructs and an important tool in cartilage tissue engineering. The scaffold should be able to offer an adequate biomechanical environment for the cells and newly synthesized tissue inside the scaffold. Furthermore, the interconnectivity in the macropores of the scaffolds for cartilage regeneration is essential to assure cell seeding or cell invasion from subchondral bone 14 . The scaffold will resemble the biphasic structure of natural cartilage with a solid part, the polymeric material and newly synthesized tissue, and a fluid part consistent of water and water-soluble substances. The growing ECM in natural articular cartilage will contribute to the mechanical performance of the tissue. The porosity of the scaffold is therefore of great importance and many experimental studies have explored the in vitro and in vivo behavior of porous scaffolds 14 15 16 17 18 . Other authors suggest the permeability as a semi-quantitative parameter for porous structure of scaffolds 19 . We previously studied how water permeability is facilitated through an empty Poly (L-lactic acid) scaffold, if the scaffold walls are micro porous. By tailoring the macro and micro porosity of the scaffold unique mechanical and physical properties can be obtained 20 21 22 . Other authors observed the limited role of the macro pores in a PCL scaffold for bone regeneration and suggested further studies of the scaffold properties like interconnectivity and permeability 23 . In other works it is seen that a low permeability in a porous PCL scaffold enhanced chondrogenesis in vitro with primary chondrocytes 24 and by measuring the permeability of the scaffold with cells it is seen how the permeability diminishes from seeding as tissue grows 25 . Other authors have used 3D
printing techniques to produce scaffolds for bone regeneration and the permeability for those structures was evaluated experimentally and numerically by a KozenyCarmen based equation for intrinsic permeability. The results indicated that the permeability increased for increasing pore size and increased fluid viscosity and the authors reached scaffold permeability in the same order as collagen-GAG scaffolds. 26 27 . PCL is a well used material for tissue engineering applications, with innumerous fabrication methods 28 29 such as for example selective laser sintering 30 , solvent casting films 31 32 , blends with PLA 33 15 , nanocomposite scaffolds 34 35 22 36 21 , electrospinning 37 38 39 40 , spin coating 41 , hyaluronic acid coating 42 43 or hot pressing technique 44 45 .
It is clear that cell growth is dependent on the scaffold geometry and permeability and this work search for an experimental model to describe this phenomenon. Biphasic theory was applied in this work to calculate the uniaxial aggregate compressive modulus and hydraulic permeability of micro porous scaffolds constructs 46 12 47 48 .
Macro and micro porous PCL scaffolds were designed and produced with three different micro porosities, maintaining the same macro porosity, and filled with an aqueous solution of poly (vinyl alcohol) (PVA). PVA has the special characteristic of physically cross-link with repeating cycles of freezing and thawing 49 . In a previous work we showed that the PCL/PVA construct reaches values of elastic modulus in the range of natural articular cartilage after 6 cycles of freezing and thawing 16 . By performing unconfined and confined compression tests of the different PCL/PVA constructs the permeability and mechanical behavior have been investigated. By this we aim to assign each of the parameters, macro-and micro porosity and extra cellular matrix components, their roles in the final outcome of the mechanical behavior and permeability in the scaffold/hydrogel construct. This results in an artificial model and an interesting tool to predict the in vivo behavior of an implanted scaffold with newly generated tissue inside, which differ from the experimental in vitro studies of empty scaffolds.
Materials and methods
PCL, average molecular weight 80 000 Da (Mw/Mn <2), was obtained from Sigma Aldrich (Spain). Microspheres of Elvacite 2043 (a mixture of low molecular weight poly (ethyl methacrylate) (PEMA) and poly (methyl methacrylate) (PMMA)) with diameters ranging from 120 to 200 µm were purchased from Lucite International (USA). We will call them porogen microspheres hereafter. 1,4 Dioxane from Sigma Aldrich (Spain) was used as solvent for PCL, and ethanol (EtOH) (99% pure) from Scharlab (Spain) was used to dissolve the dioxane and PEMA/PMMA in the freeze extraction and particle leaching process. Poly(vinyl alcohol), average Mw 130 000 Da, 99+ % hydrolyzed was purchased from Sigma Aldrich (Spain). All the chemicals were used as received and with no further modification. The scaffolds were cut with circular stamps and surgical scalpels of 5 mm diameter and 2 mm height. The water immersion of the hydrophobic scaffolds was done by a solvent change ethanol to water. To make sure that all the pores were filled with water the scaffolds were put in water and subjected to continuous vacuum extraction. After the water immersion all samples were put in water 24 hours before the PVA filling or mechanical testing. The dimensions off the samples were measured three times before each mechanical assay to assure correct measurements.
Scaffold preparation

Hydrogel preparation
A 10% aqueous solution of PVA was prepared by continuously stirring at 90°C for 1 hour and then let to cool in room temperature. The solution was poured into custom made 5 mm diameter wells and frozen for 12 hours in -20°C and then thawed back to room temperature in a high humidity chamber for 8 hours. The freezing and thawing step was repeated six times. After the procedure the samples were measured three times to assure accurate sample dimensions.
Scaffold / hydrogel construct
The PVA solution was introduced into the previously water-immersed PCL scaffolds by vacuum injection and the scaffold and gel constructs were frozen and thawed during the same conditions as the PVA gels for six cycles. The effectiveness of the PVA filling was calculated by porosity measurements ( Equation 1) and confirmed by cryo-SEM images. The density of the PVA solution was estimated from a 10% PVA aqueous solution with PVA density of 1.30 g/cm 3 and PCL density 1.146 g/cm 3 49 29 . 
Mechanical testing -Unconfined compression
Unconfined compression tests were performed to evaluate the effect of the micro porosity of the PCL scaffolds and the PVA hydrogel inside the pores of the scaffold after six cycles of freezing and thawing. Mechanical characterization of the samples was performed using a Microtest SCM 3000 95 Universal testing machine (Spain) with a 15 N load cell. The samples were subjected to unconfined compression cycles to 15%
strain at a rate of 1 mm/min, considered the physiological deformation suffered by natural cartilage 50 51 52 , in a custom made device that allows the samples to be immersed in water during the assay. The results of this assay were used to make a stress-strain representation and to calculate the apparent modulus as the slope at 2% of deformation and the maximum stress at 15% deformation. An assay of total collapse of the samples was made to distinguish the different zones of the pore collapse.
Unconfined compression tests were done for 5, 10 and 15% of displacement and the sample was allowed to relax at those deformations for two hours 53 54 . A logarithmic stress-time representation gives information about the stress relaxation of the samples with time. For each assay six samples of each group were tested. A linearity test was done by a stress-strain representation and a linear fit between the points for 1, 10, 100
and 1000 seconds of relaxation 55 .
-Confined compression
Confined compression tests were performed in the Microtest SCM 3000 95 Universal testing machine with a custom made device allowing the sample to be in confined mode during the compression. Where h is the sample thickness, H A is the aggregate compressive modulus and k is the hydraulic permeability in the z direction. Therefore, by fitting the stress vs. time relaxation data to the single-exponential function, the relaxation time was calculated, and with it, the hydraulic permeability of the sample. Figure 3a shows the stress-strain graph with the linear fit made at the relaxation point and figure 3b shows the forcetime graphs for the last four steps of relaxation in the confined compression test.
Scanning Electron Microscopy
The morphology of the scaffold/gel construct and the pure gel was observed by Scanning Electron Microscope (JEOL JSM-5410, Japan) equipped with a cryogenic device. Images were taken at an acceleration voltage of 15 kV. Samples were frozen at -80°C and broken to see the cross-section of the samples and then sublimated for 40
minutes. The images of the PCL scaffold without PVA were taken with the same microscope without the cryogenic device.
Results and discussion
In the SEM photos of the 15, 20 and 25% PCL scaffold (Figure 1 a- μm ± 0.46 for a 15% PLLA scaffold and 1.29 μm ± 0.49 for a 18% PLLA scaffold. 20 In this work the micro porosity was appreciated from the SEM pictures and for the 15% PCL the pore size range between 2-10 μm and it is seen that the micro pore size diminishes with increasing PCL content. The difference in micro porosity is also visible in the photos with higher magnification (Figure 1 d-f) . Cryo SEM photos were taken for the 15% PCL scaffold with the PVA hydrogel filling its pores for 1, 3 and 6 cycles of freezing and thawing (Figure 2 a-c) . We have previously
shown that the gel enters all macro and micro pores of the PCL scaffold 16 . The calculated porosity according to equation 1 was zero, within the errors of the calculations, which probes the effectiveness of the vacuum filling of the PVA solution.
PVA gels are microporous, figure 2 shows the dependence on the number of freezing and thawing cycles of the porous structure of the pristine PVA gels and also PVA gels inside the PCL scaffold. There is not much difference between the pores of the PVA gel inside the scaffold after 1 and 3 cycles of freezing and thawing, the pore size is around 1 µm. For 6 cycles of freezing and thawing the pore size of the PVA gel increases and there is a dispersion of pore sizes ranging from 1 to 10 µm (Figure 2 For the mechanical assays an ANOVA statistical analysis was made and when statistical difference was found an unpaired t-test was done. For each assay 6 samples of each group was tested with ANOVA test. The one way ANOVA test can compare differences between more than two groups and the t-test is considered a special case of the one
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way ANOVA and can only compare between two groups. The statistical differences are marked in the figures with asterisk or circles to distinguish the groups.
Confined compression tests were performed in all samples to evaluate the permeability of the pure PVA gel and the 15% PCL/gel construct. Figure 3 For each cycle of freezing and thawing the cross-linking denstity is increasing and the gel gets stiffer 16 and it is seen that the permeability is decreasing until 4 cycles of freezing and thawing where the values are in the same range. After 4 cycles of freezing and thawing it seems like the permeability of the hydrogels does not change significantly, probably due to the densely cross-linked gel. The pores are bigger ( Figure   2 ) but the gel is more densely cross-linked and the water passage is harder. For the 15% PCL/PVA construct the permeability is not changing with the number of cycles of freezing and thawing. This implies that the water flux inside the scaffold filled with a hydrogel is mainly controlled by the morphology of the scaffold, and less influenced by the cross-linking density of the hydrogel. This is also supported by the results of the pure PVA gels.
As seen in figure 1 the scaffold is composed of both macro and micro pores and to evaluate how the scaffold architecture influences the permeability of a scaffold filled with a porous hydrogel, permeability test with different micro porosity of the PCL scaffolds were performed: 15, 20 and 25% of PCL scaffolds immersed in water or filled with PVA gel with 6 cycles of freezing and thawing were tested. In figure 4b it is now seen that for increasing PCL content, i.e. decreasing micro-porosity, the permeability is decreasing, showing the effect of the micro porosity on the water passage through the scaffold trabeculae. There is no statistically significant difference between the permeability of the PCL scaffold and the construct PCL/PVA after 6 cycles of freezing and thawing for any of the PCL scaffold series (Figure 4b ). This indicates that the water permeability is foremost decided by the micro porosity in the pore walls. These results allows predicting that the water flux through a scaffold filled with cells and ECM (here the filling is simulated by the PVA hydrogel) is mainly controlled by the micro porosity of the scaffold, and less influenced by the macro porosity or cell or tissue density. Figure 6 ) it is seen that in the samples with higher PCL content the different zones of the curve are less distinguished 70 . This is even more pronounced by filling the pores with PVA gel. In none of the samples the trabeculae buckling and pore collapse is seen and in the samples with higher PCL content the curve is displaced to higher stress for the same deformation.
Unconfined stress relaxation tests to 5%, 10% or 15% compressive strain were performed for all the different PCL scaffolds filled or unfilled with PVA and for the pure PVA hydrogel. Figure 7 shows the stress-relaxation curves obtained for the 15% PCL scaffold, with a deformation of 15%. The experiments were performed with the samples immersed in water at room temperature. At this temperature stress relaxation of the PCL scaffold is a quite slow process. Indeed, in the performed experiment the stress is always far from equilibrium, reaching equilibrium would require a several decade time longer experiment. In a previous work 16 it was shown that the apparent modulus of the PCL scaffold immersed in water did not reach values higher than that of the dry sample. This means that when the scaffold is deformed in free compression mode, water leaves the pores fast compared with the deformation rate and the mechanical behavior is dominated by the viscoelasticity of the porous polymer (i.e. by conformational rearrangements of the polymer chains and sliding of polymer crystallites). In the case of the PVA hydrogel the values of the stress for the same deformation are lower than that of the PCL but in the same order of magnitude.
The stress relaxation process is still quite slow.
Interestingly enough the stress measured at short times in the composite is much higher than that of any of the two components, showing the synergic effect produced by a hindering effect of the composite structure on water permeation under compression loading. The incompressibility of water makes that any delay of water-flow out of the sample during compression produce an important increase of the recorded stress. In fact the water-flow though the PVA gel should be hindered by the tortuosity imposed by the trabecular structure of the hydrophobic PCL, giving rise to a delay in the water-flow out of the scaffold/gel. Due to the hydrogel filling in the PCL scaffold the water-flow in the composite is expected to be slower than the empty scaffold. Thus, the effect is an initial stiffness of the composite that is higher than that seen in any PCL scaffold or PVA gel. Then the stress relaxation follows with a progressive drop of the stress with time. The relaxation process for the PCL/PVA construct is faster than for the single components scaffold or hydrogel which show that the kinetics of the relaxation process it not controlled by the polymers itself, but the water inside it. The results must be interpreted in the sense that the observed phenomenon is dominated by the water-flow inside the sample and not by the polymer rearrangements. This means that a deformation of the sample is progressively allowed with the water-flow out of the sample. The elastic modulus for natural articular cartilage is around 0.5-0.9 MPa 59 and the
